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ABSTRACT

The experimental results of the single filament pull-out test

which is used to directly examine fiber-matrix interface bond strength

are interpreted using a fracture mechanics approach. The nonlinear N

relation between the pull-out (debond) load and the fiber-matrix inter-

facial area is explained by considering the separate contributions of

the matrix and the fiber to the interface failure process. In addition,

the large experimental scatter is demonstrated to be inherent in the

small test specimen size and to be caused by fiber surface energy

hetarogeneity.

Fiber-matrix interface, single-filament pull-out test, inherent

scatter, fiber-dominated interface failure, matrix-dominated interface
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o
N I. INTRODUCTION
‘_:.- Various forms of the single filament pull-out test have been
I\-_

:‘_ adopted to directly measure the adhesive performance of the fiber-
I“.'

o, -
el matrix interface in fiber composite materials (1-5). Such a tast
: X! jives more information about the interface itself than does a test on
1Yy e . .
\ﬁ' a realistic multifilament composite specimen. Independent
e
Y
e characterization of the mechanical properties of the interface at the
y '_{ microscopic level promotes a clearer understanding of its effect on
A

s

';;: the bulk properties of the composite.

o
il The single filament test has two major drawbacks that detract
: from its usefulness. The first is a geometry dependence of the
e
3:’ results that has not been adequately rationalized up to now. The
o
}j second is large scatter in the data, even when the number of specimens
,\ is large. These conditions make it harder to draw unambiguous
7
N conclusions from the single filament test results. This paper reports
' "
‘h" our detailed examination of both of these drawbacks. We have found
.;': that the geometry dependence can be understood in tarms of fractursas
:,f::f
o 1
ii"-'
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mechan‘cs and that the data scatter can be explained by inherent
interfacial energy variation.
II. BACKGROUND

The basic geometry of the single filament test is that of a
vertical filament which has a portion of its length embedded in a
small volume of cured matrix. Some acceptable test geometries ar=e
shown in Figure 1.

Each pull-out experiment yields a force versus displacement
trace as shown in Figure 2. The interfacial adhesive bond strength is
usually defined to be 1, which is the maximum load P, divided by the
total interfacial area A. 1In this case A=2 mr{ , where r is fiber
radius and £ is embedded length of the fiber before testing. The use
of 1 as defined here implies a simultaneous debonding of the whole
bonded area, A, which can result only from a uniform stress
distribution. However, detailed analyses have shown the str2ss
distribution at the interface to be highly nonuniform with a stress
concentration existing where the fiber enters the matrix (6). Such a
stress concentration will be likely to promote progressive failure
from the top of the interface to the bottom. This situation would not
be expected to produce a linear relation between the maximum (pull-
out) load and the initial embedded length. Models using either the
maximum stress criterion (6,7,8) or the energy criterion (9, 19) have
been used to predict and also to explain the observed Pm versus g
relation. It is particularly important to understand this relation
because P and L are the quantities obtained directly from the single
filament pull-out test and they are used to compute other quantities.
In our treatment we use the energy criterion to qualitatively predict

P as a function of ¢. Our interpretation differs from those of
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other authors (9,10).

As mentioned earlier, the single filament pull=-out test, like
many tests on small volumes of material, exhibites large data
scatter. The question to be answered is whether the scatter can be
reduced by more careful technique or is inherent in the materials
being tested. Our examinations of fiber surface energy show the
scatter to be inherent, as discussed later.

III. EXPERIMENTAL

The details for specimen preparation and for carrying out the
single filament pull-out test on a universal test machine have been
described previously (4). In addition to the many tests done this way,
managed to carryout a few tests in the scanning electron microscope
with the aid of - a tiny tensioning device. For this, the small disc of
a matrix surrounding a portion of tie single filament 's length was
affixed firmly to a mount inside the SEM sample chamber. One of the
fivoer ends was wound around an externally controlled turning rod.
Whie the specimen was observed in the SEM, the rod was turned slowly
to place the fiber in tension and produce a debond and pull-out.

The surface energetics of the fiber were investigated using the
Wilhelmy wetting force method. As described in detail elsewhere
(11), this method mor.itors the force of interaction between a fiber
and a probe liquid as the liquid front advances or recedes slowly
along the fiber surface.

Iv. RESULTS AND DISCUSSION

A. Direct Observations of Interfacial Cracking

Figure 3 shows the sequence of events during the pul l-out process
as observed in the SEM. The Figure shows an angle view of a fiber (in

this case Kevlar aramid) embedded in a matrix disc. A natural feature
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on the fiber (the cross in the drawing) served as a benchmark for
judging relative displacement. The left-hand drawing shows the fiber
and matrix as the loading is started,before interface cracking starts.
With continued application of tensile load,the fiber narrows
noticeably and a crack appears at the interface where the fiber
enters the matrix (middle). Finally, a sudden upward displacement of
the fiber with respect to the matrix occurs, as shown in the drawing
on the right. This is a very significant observation since it explains
the large instantaneous load drop-off at u; in Figure 2. Only a
large, sudden extension of the specimen's length, resulting from
relative displacement between fiber and matrix, could produce such a
load drop-off. It is also important to note that the sudden
displacement can occur only after the interface is fully debonded,
allowing the matrix to release the fiber. The displacement within the
test specimen occurs at a much higher rate than the movement of the
test machine grips, producing a relaxation of the load with no time
for observable displacement of the grips. The interface debonding can
thus be regarded as occuring in the "fixed grip"condition. Aftar
debonding and displacement with continued applied load the fiber moves
slowly up through the hole in the matrix. The slow steady motion
produces the friction seen to the right of U, in Figure 2.
B. Fracture Mechanics Interpretation

The actual observed quantities obtained from the single filament
specimen and test are the maximum load P, and the embedded length {.
Figure 4 shows a typical plot of P, versus f for a given fiber -
matrix system. Although at small { P, appears to increase linearly, at
larger L it appears ﬁo be constant. Attempts at linear correlation

over the whole range of 4 failed, for many such plots of different
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fivers and matrices. The large scatter in the data makes it difficul=«

to fit the data to a mathematical function with certainty.
Furthermore, any £function that does fit the data must correspond to zn
underlying physical meaning.

Because the fracture mechanics approcach can mathematically
describe the physical failure process, it has the possibility to
predict fundamentally correct relations between B,and £. The Pp vs &
curves so derived can then be compared to the experimental data for
evaluation of our conception of the physical process. The eneray
criterion is particularly suitable to describe the failure of the
systems in the absence of a clear stress-related criterion.

In the single filament pull-out experiment, the energy required
for‘crack propagation can come from the strain energy stored in the
matrix or in the fiber, or in both. The critical specimen load
for the crack propagation depends on the fracture surface energy o7
~he two new surfaces formed by cracking, the geometry of the fibar-
matrix specimen, and the stiffness of the components of the specimen.

In the discussion immediately below, we will show that if the

A

resin alone supplies the energy, P, 1s a rising function of i. We
will also show that, by contrast, if the fiber alone supplies the
energy, P, is independent of £ . 1In addition, it will be apparent that
at verysmall £ it ismainly the matrix that supplies the energy andi
at large L the fiber supplies the energy.

In the test configuration shown in Figure 5, an existing crack
will extend by length ds if the required amount of energy Ga is
supplied. It is assumed that crack initiation readily occurs where the

fiber enters the matrix or upon application of the slightest load.

Although the single filament pull-out test really experiences fixed
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grip conditions, the fixed load conditions which give essentially

identical results (12) are considered here for the convenience of

derivations. Crack propagation will take place when the energy

supplied in the constant load condition due to crack extension is

equal to or greater than the fracture energy required for cracking.

LN

That is,

Pm(uz—ul)—l/Z Po (uz-ul) = Gg 2 7 rds (1)

where Pp,, is the fixed load, u; and u, are the positions of the load <

application points before and after crack extension ds, G, is the

strain energy release rate, and r is the fiber radius and ds is the

vertical travel of the crack. Thus the left side of the equation is

the reduction in potential energy of the system and the right side is

2 the "energy consumed by the crack. (Gc times the area of two new

surfaces). N

O

Equation (1) can be reduced to:

X Pm du = Gc2ﬂrds (2)

When the energy for crack propagation comes from the fiber alone, the

el

r

expression for u is

&

PO, -

where Af is cross sectional area of the fiber, Eg is the fiber modulus

. 4

- and L is the original free length of the fiber. The derivative of

equation (3) gives an expression for du which can be substituted into

equation (2).
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The result is
P 2dL
% m
iE_
£ £

= G 2nrds
c

Since 4L = ds, they can be eliminated, giving

(4)

(5)

expression for

Ppn:
————————
P = |l 4nrc (6)
m c
1
A_E
£t
which contains neither £, the embedded length before test, nor L,

the free fiber length before test. Therefore, in the case where the
energy required to cause crack propagation is supplied by the fiber

alone, the pull-out load will be a constant at all 4 and will depend

only on fiber modulus, fiber radius, and interface G-
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b}.‘ i
::E: | The fiber is likely to supply the energy for crack propagation ‘
:_:jﬁ when the matrix cannot. This would occur if the matrix volume, I
o because of its inherent chemical structure or its overall geometry
could not be deformed under load to store much strain energy. '
:::\, However, in many test configurations, the matrix volume as a whole can

i deform in bending or shear, especially if it is in a thin flat disc J
;\_' shape. Figure 6 shows the configuration and symbols. .
'.;: In Figure 6, the strain energy (potential energy) builds up in E
i the matrix disc as it deflects under load. The compliance of the g
f:: matrix disc is defined C = 5/P where § is the out-of-plane 9
, displacement. The potential energy UR stored by the matrix is: ’
e 3
= .Ug = % P§ = % P (7) :
z ) :
We can envision the behavior of C as a function of L. It 1is

_:f‘ reasonable to assume that for a given disc diameter and a given load ? k
T

\ placed on the fiber, the larger ¢ values give smaller

. compliances until at very large ¢ an asymptote is reached where the

: matrix behaves as an infinite medium. Figure 7 shows ,:
\ this relation. Note that as ¢ --> 0, C -=-> ®. For future reference, E‘
¥ we have also shown in Figure 7 the derivative of the C vs g curve. \
—' Now the strain energy released by a deflected matrix disc as the ~
{ interface crack propagates by length ds is, at fixed locad condition,
-dU=%P25‘i_ ds = g2 mrds '
T R m s ¢ (8) q
» .
g
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where P now has the subscript m to indicate that it is the maximum P

for a single test. Solving for P, gives:

4nr G
o]

i Pn” | TaC7asT (9)

This expression for pull-out force P, does not contain £ explicitly.
However, £ is contained implicitly in 4C/ds. Thus we wish to consider
the relation between d4C/ds and £ . As mentioned previously, the bottom
drawing in Figure 7 is a plot of -dC/d4L versus £ and is simply the
derivative of the top curve.Where C reaches anasymptote,dC/d{
reaches zero. As a first order approximation the variation of
compliance C within a single specimen as the interface crack length,
ds, increases 1is considered to follow the same shaped curve as a plot
of initial compliance C of numerous specimens each of different L. We
therefore replace -dC/d% in the bottom graph of Figure 7 by +dC/ds.
The sign difference is due to df and ds decreasing and increasing,
respectively. This curve of dC/ds versus £ now enables us to know how

P, in equation 9 behaves as a function of ¢. Figure 8 shows the

AN
{}5 result, which depicts P, as a nonlinear increasing function of
PR
> embedded length before test, A .
In reality, the fiber and matrix contributions must be combined
>
N
_,::. to control the failure process, ie.,
L2
N
a
.
2 ,
a2 p
m 2
o + d
i T Pm_ ¢ = 2nrG_ (10)
oy fAf 2 ds
&
o
L,
‘n-
.
'-;‘;-.
&
0
4 .ﬂ’
e ?
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Solving for P: 1
4rrG (11)
c
Pm = 1
- + dC
Ehy @3

This relation is depicted graphically in Figure 9, which shows Pn VS
4. At low L there will be little or no contribution from the fiber
so that the behavior of the specimens is predicted by the curve rising
from zero to the horizontal dotted line. At high £ , the contribution
€rom the matrix is negligible, allowing the horizontal dotted line to
predict the behavior.

Another geometry feature that is predicted to affect the C versus
and thus P versus ¢ curves is diameter (2R) of the matrix disc. A
Larger diam:ter allows a disc of a glven thickness to deflect more
readily so that both the C vs 4 curve and the Pn VS {4 curve will be
shifted to the right as shown in Figure 10. What this means is that
even at larger £, if the disc happens to be of large diameter, the
pull-out may still be matrix-~dominated and the plot of Pn VS Z
will show an rising P with £ . However, for the same range of ¢
values, if the matrix disc is of small diameter, the P, versus { plot
may show fairly constant P, even at small £ . This kind of geometry
dependence presents problems for those who wish to compare data from
different laboratories where slightly different specimen configuration
details are used.

The data obtained by Favre and Merienne (2) on carbon fiber

embedded in epoxy as well as on aramid fiber embedded in epoxy show
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the matrix-dominated interfacial fracture. They used a specimen
preparation method which resulted in a very thin matrix disc with
large diameter. From their published scanning election micrograpi, wae
estimated visually that 2R »~ 1004 .(Contrary to the practice of thase
authors in determining the embedded length, we excluded the matrix
droplet on the fiber just above the disc in their specimens, since
this droplet cannot store and release energy for interfacial crack
propagation}. Undoubtedly, this wide thin disc would have
extensively deformed out-of-plane during the test, thus becoming the
source of more than enough energy to drive the crack propagation.

On the other hand, in our laboratory, specimen preparation methods
for carbon-epoxy resulted in matrix discs with very small values of
2R/ 4, ranging from 7 to 15. The reduced compliance of these matrix
discs drastically diminished the‘contribution of the matrix to the
anerqgy supplied for fracture. Thus, our data for carbon-epoxy is fr-om
Ziber-dominated interfacial failure (Figure 11).

The theory is not well enough developed to predict the exact 2
value at which the change from matrix~dominated to fiber-dominate?
fracturewill occur. While G, in equation 11l can be computed from the
fiber—dominated portion of the curve, (dC/ds) for the matrix-dominated
portion cannot be quantitatively determined until experiments are
conducted over the whole range of 4. The intersection of the matrix-
dominated curve with the fiber-dominated curve is determined not only
by specimen geometry, but also by the other quantities implicit and
explick in equations 9 and 11 : fiber modulus and radius and matrix
shear and bending modulus.

The single filament pull-out test results comparing Kevlar 49 to

Kevlar 29 were consistent also with the model we have presented here.

11
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Both aramid fibers have identical surface energy (13) and nearly equal

-
".). [ AR

radii. For the comparison the same matrix and cure cycle were used to

LY
s

ensure equal G, values for both systems. Data were collected over a

wide range of ¢ and P versus § curves were plotted and examined.
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According to equation 11 , since the modulus of Kevlar 49 is twice
that of Kevlar 29, the pull-out load for the fiber-dominated pull-out
process should be higher by a factor of /2 for Kevlar 49.
Considering only the higher £ values, where P is observed to bhe
constant, we found that P for Kevlar 49 was 32.1+ 7.69MPa and P for
Kevlar 29 was 24.9+ 7.42MPa. As expected, the average for Kevlar 49
is higher by approximately /2.
C. Study of the Source of Scatter

While the energy balance model presented above is only
qualitative, the discussion below of scatter in the experimental data
focusses On guantitative aspects. Those who carrv 2ut 2he sinzl-=2
‘%‘ filament pull-out test remort large scattar in the data. This has
i been a cause of concern because one assumes that small misalignments
and maladjustments could greatly affect the results in this
"microtest". However, another source of scatter is the inherent
inhomogeneity of small volumes of material being tested. The volumes

i of the materials used in a typical pull-out test may be too small €or

homogeneities to be averaged. Furthermore, if the pull-out orocess is
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crack propagation rather than simultanecus yield of the whole bonde:l

Tr

interface, the failure load depends upon the even smaller volume of

material near the top of the original embedded length.
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Wetting force studies on the surface energetics of engineerin-

& a

fibers offer insight into the material inhomogeneity. It is well

»
€

known by surface chemists that the surfaces of solids, even when
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ﬁg . mechanically perfectly smooth, are chemically heterogeneous. This
'Eg chemical heterogeneity is what produces the ubiguitous contact angle
' ]
i hysteresis'(l4,15L Wetting force measurements carried out on small
;;3 diameter fibers provide a good measure of the scale of the surface
b "2
ﬂfg chemical heterogeneity. Figure 12 shows the advancing and receding
- wetting force values as water, a liquid highly sensitive to changes in
5%1 surface polarity) moves up (advances) and down (recedes) a short
:é length of Kevlar fiber. The variations in amplitude of wetting force
K-
) along the fiber length arise from variations in the fiber surface's
:gg interaction with the water line. This in turn originates from the
?; fiber surface chemical heterogeneity. By converting the wetting force
e values at any point along the fiber to contact angle values the
,iz corresponding work of adhesion, W, at that point may be computed:
Y -
o
¥ae Wa =Yy, (1 + cose ) - (12)
ié where MLis surface tension of the contacting liquid and g is the
;; advancing or receding contact angle. We see that within a 4.0 mm
ff length of fiber in the advancing mode a low Wp of 93 ergs/cm2 was
'_"j obtained and a high of 127 ergs/cmz, values which differ by 12 and 20%
5; respectively, from the average of 106 ergs/cmz. Even within as short a
% length as 0O.1mm, the variation can be large. Because these variations
i{ are reproducible on repeated runs we know they are not from vibrations
?i or electrical noise. Figure 13 shows the wetting force trace as
o ethylene glycol, a liquid less sensitive than water to polar regions
ig on the fiber surface, advances and recedes along the fiber length.
:g This trace also shows large variation in Wp from spot to spot along
- . the fiber length. In the advancing mode, the high and low values of
t$ 70.7 and 90.4 erqs/cm2 differ by 14 and 10% respectively from the
7
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average of 82.3 ergs/cmz.

The interaction between Kevlar and Typical liquid epoxy resins, the
latter too viscous for accurate wetting force studies, are bracketed
by the Kevlar-water and the Kevlar-ethylene glycol systems just
discussed. Therefore a good estimate of the Kevlar-epoxy interaction

2 with a variation of +15%.

is an average of 90 ergs/cm
It is reasonable to assume that the interfacial interaction
between a fiber and solid matrix would echo the fiber-liquid
interactions and also display large local variations. Thus we would
expect large variation in the pull-out load in mechanical tests of the
interface strength when crack propagation is the failure mechanism.
Therefore, we conclude that most of the scatter in the pull-out load
values is inherent in the interface itself and cannot be reduced.
There is another type of single filament test that has been usad
to indirectly measure interfacial adhesive strength. This is the
single filament fully embedded in a dogbone of cast resin. An average
interfacial strength is computed from measuring the many broken
lengths of the single filament after tensile loading. There is a
large (>20%) scatter in these broken lengths (16). However, the
average value of the broken lengths in one dogbone differ little
(<10%) from that of another. Here, one dogbone is like a batch of many
specimens. Similarly, comparison of average values of P for
different batches of single filament pull-out tests shows good
agreement between batches. The agreement between averages shows that
local variation in the interface is reproducible, which in turn

demonstrates that it is inherent and not an artifact.
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CONCLUSIONS

The single filament pull-out test is an attractive test for many

researchers because it gives a direct measure of the fiber-matrix bond

strength of a composite material. However, the following conclusions

indicate that it must be used with caution.

When the matrix disc has compliance and can store energy
\ as it can for low £ (or high 2 R/L), the failure may be
™ matrix-controlled and Pn will be a rising function of 1. 1

a)

b) When the matrix disc has negligible compliance compared 9
N to the fiber, the failure is fiber-controlled and P ‘
is independent of 4.

Because crack propagation rather than simultaneous

'ﬁ‘ debonding is often the failure mechanism, failure load
7 : is dependent on an extremely small interface area at

the crack tip. -

Engineering fibers have large local variations in surface
energy, leading to large local variations in fiber-matrix
adhesion.

These conclusions lead to the following recommendations:
-
a) Only data from exactly the same test configurations should
be compared.

- b) The computation P/A can be misleading and should not be -
- used over the whole range of £. It may be used in the
v region where failure is matrix~dominated and R, vs £
approximates a linear relation; or it may be used for Ry
values at a single selected £.

4
For comparing different populations, P_ values should ;
be obtained over a wide range of L, so that the matrix-~ t
dominated and fiber-dominated failure regions can be

Clearly seen. Each region can then be compared.
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FIGURE CAPTIONS

- FIGURE 1 Various geometries that can be used for the single
" filament pull-out test. Tension is applied to the fiber to pull it
- from the matrix disc. The embedded length at the beginning of the test

is designated (£.

~ FIGURE 2 Typical force versus displacement trace for an individual
) pull-out test. The displacement recorded is that of the test machine
N - grips. The filament is placed in tension starting at ug,: the
debonding is completed and the filament first glips with respect to
the resin at u;; the filament's free tail pulls up through the resin
disc from u; to wu,, showing frictional force.

FIGURE 3 Sequence of events in a single filament pull-out test as
viewed in the scanning electron microscope. At left, part of the
filament's length has been embedded in a disc-like block of matrix,
and tension is applied to the fiber. At center, continued tension
- causes a crack to develop in the fiber-matrix interface at the topo
N of the embedded length. At right, the crack has just finished
N propagating the full length of the interface, and the fiber, released
o from the resin, has made a sudden large displacement upward. After
! this, under further tension, the filament continues to pullup through
the matrix.

y. FIGURE 4 Typical plot of P_ versus £ for an engineering fiber
- (Kevliar 29) embedded in epoxy matrix (diglycidyl ether of bisphenol A
cured with triethylene tetramine), €At very small 's, the Pn values
are Jow. They rise with increasing £ and apjpear t> r2ach an
asymptote. Large scatter is due to inherent variation in interfac’al
adhesion. cured at 120°C for 3 hours.

FIGURE 5 Diagram of single filament with part of i%s length
embedded in cured matrix. Th2 embedded length before debonding is £ .
interface cracking will occur if potential energy released by strained
test specimen as a result of interface crack extension by length ds is
e2qual or greater than required to form the two new crack surfaces
- (-dUR = G, 2 mrds).

7 FIGURE 6 Diagram of matrix disc deflecting as fiber is loaded in
g tension. Compliance (C =3/P) of disc determines how much energy can
be stored by matrix at a given load P.

FIGURE 7 At a given load, P, the larger the disc thickness (or
embedded length)Z , the lower the disc compliance, as shown in the
graph at top. Finally, at some &L, the disc is equivalent to an
infinitely thick disc and C reaches a lower limit (asymptote). The
rate of change in disc compliance as a function of £ is shown in the
graph at bottom.

FIGURE 8 Graph of change in compliance per unit interface crack .
.. length as a function of original embedded length (top). This graph is -]
- 1erived by analogy from the graph of dC/d ) versus £ on the basis that )
dC/d 4 =dC/ds for small crack length. The bottom graph of Py Versus

s L is derived from the top graph through the equation P = q=p - 733

17




- FIGURE 9 Superimposed graphs of P, versus 4 for matrix controlled

N interfacial failure and for fiber controlled interfacial failure.If
is low enough then control of failur process will be usurped by matrix
and no data points will appear in region of horizontal dotted line.

. Similarly, when £ is high enough that process is fiber-controlled, no

'~ data will appear in region of rising dotted line. :
Y . . . .
R FIGURE 10 Graphical representation of the effect of increasing the

B matrix disc diameter. The curve of matrix compliance versus £ will
shift to the right (top). Consequently, the curve of P versus { will
also shift to the right.

N FIGURE 11 Plot of P, versus { for carbon fiber-epoxy (AS4
. fiber in diglycidyl ether of bisphenol A cured with triethylene
- tetramine, at 70°C for 65 h). Failure process is fiber-controlled

over most of the range of £ values due to small diameter to thickness
ratio of matrix disc and lack of disc compliance.

,? FIGURE 12 Wetting force trace made by water advancing and .
N receding along the length of a Kevlar fiber. The variation in wetting :
- force (vertical axis) is due to chemical heterogeneity inherentin the

smooth surface of the fiber, Computed work of adhesion values are
indicated for selected wetting force values.

- FIGURE 13 Wetting force trace made by ethylene glycol advancing .
o and receding along the length of a Kevlar fiber. The variation in )
= wetting force (vertical axis) is due to chemical heterogeneity

v inherent in the smooth surface of the fiber. Computed work o€

. adhesion values are indicated for selectaed wetting force values.
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